ABSTRACT Two experiments with 14-to 35-d-old male broilers were performed to investigate the interactions between increasing levels of balanced protein (BP; 9.7, 10.7, 11.7, and 12.7 g of digestible Lys/kg of feed) and physical feed form. In Experiment 1 diets were offered as coarse mash and pellets of either good or poor quality. Good pellet quality was characterized by high durability. In Experiment 2 diets were offered as good quality pellets or coarse mash. However, for the latter particle size, distribution either was kept constant with increasing BP or changed with increasing proportion of soybean meal. Feed intake generally decreased with increasing BP; how-
INTRODUCTION
The concept of ideal protein is widely established in animal nutrition and increasingly also in broiler feeding. According to the concept, dietary protein could be lowered by up to 24% when essential amino acids were maintained and balanced, and animal performance was not affected but nitrogen excretion was substantially reduced (Tuitoek et al., 1997; Canh et al., 1998; Le Bellego et al., 2000) . In broilers, low protein trials often failed to support equal growth performance to that of control diets as reported by Kerr and Kidd (1999) , Hussein et al. (2001) , Bregendahl et al. (2002) , and Si et al. (2004) . One reason might be the relatively higher requirement of both essential and nonessential amino acids for maximum performance of today's broiler strains.
Another application of the ideal protein concept is to vary whole balanced amino acid profiles. Eits et al. (2003) , Kemp and Kenny (2003) , Sklan and Noy (2003) , Wijtten et al. (2004a,b) , and Vieira et al. (2004) reported linear and nonlinear responses to balanced protein (BP) levels increased to levels far higher than currently recommended. This shows both the genetic potential of current 1 Corresponding author: andreas.lemme@degussa.com 721 ever, feed intake was highest in good pellets fed to broilers and lowest in mash fed to birds. Although there was only a small response on weight gain in mash-fed birds, feed conversion improved substantially for all feed forms with increasing BP. Particle size distribution did not affect this effect. Highest weight gain was achieved with good pellets; to achieve similar performance with poor pellet quality, higher levels of BP were needed. Carcass evaluation suggested increasing breast meat yield and particularly decreasing fat accretion with increasing BP. Results of both experiments indicate that optimum dietary amino acid levels for growing broilers may vary among different physical feed forms.
broiler strains and that optimum dietary amino acid levels for maximizing performance or optimizing profitability might be higher than currently assumed (Wijtten et al., 2004b) . Although bird performance could be substantially improved by increasing BP levels, it can be hypothesized that other nutritional, environmental, health-related, or management factors affect responses to dietary amino acids and limit maximum response to BP. Feed form, pellet quality, and particle size of the used ingredients might be among those factors. Teeter and McKinney (2003) , Greenwood et al. (2004) , and Quentin et al. (2004) reported gradually improved performance with improving pellet quality (i.e., with decreasing level of fines). Others reported differences in broiler performance when diets were offered either as mash or pellets, and interactions between particle size of ingredients and the feed form were also reported (Kilburn and Edwards, 2001; Wijtten et al., 2003) . Data by Scott (2002) , Wijtten et al. (2003) , and Greenwood et al. (2004 Greenwood et al. ( , 2005 even suggested interactions between feed form and quality and optimum dietary nutrient levels.
To examine the impact of feed form and pellet quality on the responses to graded balanced dietary protein levels in growing broilers, 2 experiments were performed.
MATERIALS AND METHODS

Birds and Housing
Two subsequent experiments were performed in the same broiler unit. The unit consisted of 2 rooms with 36 ) with wired floors. Temperature was decreased by 2.5°C per week starting with 34°C at the day of arrival (1-d-old chicks) to a final temperature of 21.5°C at 34 d of age (termination of experiments). Lights were on 23 h a day. Birds were spray-vaccinated against Newcastle disease at 10 and 20 d of age. Cages were equipped with feeding troughs and nipple drinkers. Feeders were manually filled.
In the experiments 1,440 male Ross 308 broilers with initial weights of 516 ± 10.3 g (Experiment 1, mean ± SD) and 505 ± 12.6 g (Experiment 2) at 14 d of age were used.
Experimental Design and Diets
Both experiments followed a 4 × 3 factorial arrangement with 4 graded levels of BP and 3 physical feed forms, which were coarse mash, and poor and good quality pellets in Experiment 1, and coarse mash with either varying or constant particle size and good quality pellets in Experiment 2. Each of the 12 treatments was composed of 6 pens with 20 birds each. Both trials covered the period 14 to 35 d of age.
For each experiment, batches of the protein-containing ingredients were reserved and analyzed for amino acids 2 AFD = apparent fecal digestible; HP = heat processed; AA = amino acid. (Llames and Fontaine, 1994 , Fontaine et al., 1998 , N (Sweeney, 1989 ; Dumas, ISO / CD 15670), and DM content. Based on these analyses as well as on digestibility and nutrient data provided by the Dutch Bureau of Livestock Feedingstuffs (CVB, 2003) the experimental diets were formulated (Tables 1 and 2 ). Diets of both experiments consisted mainly of corn, wheat, and soybean meal but also some corn gluten meal, potato protein, soybean protein, full fat soybeans (Experiment 1), and fish meal (Experiment 2) as well as the commercially available crystalline amino acids DL-Met, L-Lys HCl, and L-Thr (Tables  1 and 2 ). Except for amino acids, diets were formulated to be adequate in all nutrients, and metabolizable energy (adjusted to broilers; CVB, 2000). Accordingly, diets in both experiments were isoenergetic (3,000 kcal of MEbroiler /kg). Using the WPSA formula (WPSA, 1984) dietary energy ranged between 3,207 to 3,237 kcal of ME/kg. Apparent fecal digestible Lys levels were increased from 9.18 g/kg (90% of Schutte, 1996) to 10.20 g/kg (100% of Schutte, 1996) to 11.22 g/kg (110% of Schutte, 1996) to 12.24 g/kg (120% of Schutte, 1996) , which were equivalent to 9.68, 10.7, 11.72, and 12.74 g of true fecal digestible Lys. The ratios of Met + Cys, Thr, Trp, Arg, Ile, and Val to Lys were 75, 63, 21, 112, 75, and 82% on the basis of apparent fecal digestible amino acids (77, 65, 21, 110, 75 , and 83 on the basis of true fecal digestible amino acids) and were similar in all diets. The corresponding total amino acid levels were all confirmed by analyses (Llames and Fontaine, 1994, Fontaine et al., 1998) . Diets were also analyzed for crude fat (6 h extraction with petroleumether), ash (incineration at 550°C for 4 h), calcium (ISO 6490.2), and phosphorus (ISO 6491), which confirmed expected values. In Experiment 1 diets were offered as coarse mash, good quality pellets, and poor quality pellets. To produce coarse mash the raw materials were ground on a roller mill with a distance of 2.5 and 1.5 mm between the rolls for corn and wheat, respectively. Rolls 1 and 2 were operated at 770 and 900 rpm, and both rolls had a diameter of 160 mm. Sieve analyses revealed that 14 to 17% of the particles were bigger than 2.8 mm, and 1.2 to 8.9% were smaller than 0.8 mm (Table 3 ). However, due to increasing levels mainly of soybean meal with increasing BP level, the percentage of both coarse (>2.8 mm) and fine (<0.8 mm) particles diminished. For the pelleted diets in Experiment 1, the coarse corn and wheat were ground again on a hammer mill that was operated at 3,000 rpm with a 5-mm screen. To produce good pellets, diets were pelleted with steam addition using a 4 × 70-mm die, whereas for poor pellet quality no steam was added and a 4 × 40-mm die was used. The Holmen test revealed clear differences in durability between good and poor pellet quality (Table 3) .
Procedure for the production of the feeds for Experiment 2 was identical. However, besides a coarse mash and good quality pellets, which both were produced in the same manner as for Experiment 1, coarse mash feeds with no changes in particle size distribution with increasing BP levels were also produced (Table 4) . To prevent a shift in particle size distribution, the quantity of corn, wheat, and soybean meal needed to obtain the different Table 5 . Effect of increasing levels of balanced protein offered to 14-to 35-d-old male broilers as coarse mash (CM), and pellets of poor (PP) and good quality (GP) on various performance criteria (Experiment 1) Different superscripts per column and block (feed form, balanced protein, feed form × balanced protein) indicate significant differences (P < 0.05, least significant difference). Bold = P-values by ANOVA. BP levels was finely ground on a hammer mill operated at 3,000 rpm with a 1.5-mm screen.
Feeds and water (nipple drinkers) were offered ad libitum.
Data Collection
In both experiments, birds were weighed cage-wise at the start of the experiment at d 14 and individually weighed at 28 and 35 d of age. Cumulative feed consumption was recorded cage-wise at days of weighing. Subsequently, weight gain and feed conversion were calculated. Feed spillage at the research accommodation is extremely low because birds can only access the feeding troughs with their head. Feed conversion was corrected for mortality by considering the weight of dead birds. In addition, feed conversion ratio (FCR) was adjusted to body weight gain for the period 14 to 35 d of age. Accordingly, 0.04 points were added to or subtracted from FCR for each 100 g of weight gain below or above the average weight gain calculated across all 12 treatments.
In both experiments 5 birds per cage with body weights close to the cage mean were selected for carcass evaluation after an overnight feed deprivation of approximately 8 h at 36 d of age. The birds were successively weighed, killed by cervical dislocation (method approved by the Ethical Committee of the Erasmus University, Rotterdam, The Netherlands), bled, and feathers were removed. The weight of the carcass (whole bird without feathers, blood, organs, intestines, head, and legs below the hock) was determined, and carcass yield was calculated as percentage of the deprived bird weight (whole bird weight before slaughtering). The breast weight (pectoralis major, pectoralis minor, sternum, and clavicle) and the abdominal fat pad weight (included fat surrounding the gizzard) were determined, and their yields were calculated as percentage of the carcass weight.
Statistical Analyses
Data of Experiments 1 and 2 were subjected to ANOVA according to the following statistical model:
where Y = a specific trait per experimental unit (cage); = overall mean; R = room; G = BP level starter diet; F = physical feed form; R × G, R × F, G × F, R × G × F = interactions between the factors; and e = the residual error term.
Comparison of means was performed according to the least square differences (LSD) test. In both experiments, cages were considered the experimental unit. Effects were considered significant with P ≤ 0.05. Statistics were performed using the MEANS and GLM procedures of SAS 9.1 software (SAS Inst. Inc., Cary, NC). Feed intake (top), weight gain (middle), and feed conversion ratio (bottom) responses of 14-to 35-d-old male broilers to increasing levels of balanced protein (digestible Lys taken as reference amino acid) offered as coarse mash, poor quality pellets, and good quality pellets (Experiment 1, left side) or as coarse mash with either constant or variable particle size distribution with increasing protein levels and good quality pellets (Experiment 2, right side).
RESULTS AND DISCUSSION
Mortality was on average 5.4% in Experiment 1 and 4.3% in Experiment 2, but there was no correlation between mortality and dietary treatments. Performance was on a high level compared with Ross recommendation (2002) . In Experiment 1 lowest weight gain (14 to 35 d) was observed in the poor quality pellets treatment containing 90% amino acids. This was 11% higher than suggested by the breeders' company, and highest weight gain (1,978 g, good pellet, 110% amino acids) was even 25% higher (Table 5, Figure 1 ). In Experiment 2 final weight gains ranged between 1,679 and 1,962 g (Table 6 , Figure 1 ). These data indicate the high genetic potential of current meat type broilers but also the potential of nutritional strategies.
For all parameters examined in the 2 trials, significant effects were found (Tables 5, 6, 7, 8) . In both trials feeding good quality pellets resulted in significantly higher weight gain compared with feeding poor quality pellets or coarse mash. This went along with a significantly higher feed intake with good pellets compared with the other feed forms. However, although average weight gain (14 to 35 d) was not different, average feed intake was Table 6 . Effect of increasing levels of balanced protein when offered as coarse mash with (M Var) or without variation (M Con) in particle size distribution with changing balanced protein levels and as good quality pellets (GP) on various performance criteria in 14-to 35-d-old male broilers (Experiment 2) Feed form: M Var = coarse mash with varying particle size distribution with increasing balanced protein; M Con = coarse mash with constant particle size distribution; GP = good quality pellets.
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Adjusted feed conversion ratio (FCR): adjusted for body weight gain with ± 0.04 FCR points for each ± 100 g difference of body weight gain to the average. significantly lower in mash compared with poor pelletfed birds (Experiment 1). At least the latter was in line with research by Greenwood et al. (2004) , Quentin et al. (2004) , and McKinney and Teeter (2004) showing decreasing feed intake and weight gain with decreasing pellet quality, which means increasing levels of fines. Quentin et al. (2004) reported that such effects occur particularly with a fines proportion higher than about 50%. McKinney and Teeter (2004) also included a treatment with mash feed, which was the same mixture as used for the pellets but which was simply not pelleted. In that trial feed intake and weight gain recorded for the mash-fed birds were lower than those recorded for birds fed 80% fines. Others also reported decreased feed intakes resulting in impaired weight gains when mash was fed instead of pellets (Nir et al., 1995; Engberg et al., 2002; Wijtten et al., 2003) . Quentin et al. (2004) hypothesized that the effects on feed intake are explainable by the selection for fast growing chickens, which "has led to lazy birds that have reduced their level of physical activity." Increasing levels of fines in the feed require more activity for feed intake. It should be noted that, apart from improving feed intake, pelleting generally can have positive effects on nutrient and energy availability as well as on biosecurity items.
In Experiment 1 feed intake at 90% digestible Lys was similar between mash and poor quality pellet treatments, but with increasing BP levels the decrease in feed intake was much more pronounced in mash than in poor-pelletfed birds (Table 5) . Although literature is controversial, it was hypothesized that this effect was an interaction between the changing particle size distribution with increasing protein levels in the mash diets (Table 3 ) and performance. Nir et al. (1995) reported a much higher weight gain when birds received coarse mash compared with fine mash. However, there was no effect on feed intake, and the effects on weight gain disappeared with pelleting. Kilburn and Edwards (2001) reported improved FCR with coarse compared with fine mash mainly due to effects on weight gain. Again, with pelleting the diets these particle size effects disappeared. Engberg et al. (2002) could not find any effects when birds were fed coarse or fine mash. Wijtten et al. (2003) reported numerically increased feed intake and weight gain when coarse instead of fine mash was fed in the grower phase. This effect was more pronounced at higher nutrient density, suggesting an interaction between nutrient density and particle size. Therefore, Experiment 2 was conducted to examine whether changes in particle size distribution interfere in the effects of increasing BP levels on broiler performance, especially on feed intake. However, results did not indicate any interaction (Table 6, Figure 1) .
Although there were no or only small effects of increasing BP levels on weight gain when feeding coarse mash, birds responded significantly when pelleted feed was offered (Tables 5 and 6 , Figure 1 ). In contrast, feed intake Table 7 . Effect of increasing levels of balanced protein offered to 14-to 35-d-old male broilers as coarse mash (CM), and pellets of poor (PP), and good quality (GP) on carcass quality (Experiment 1) Different superscripts per column and block (feed form, balanced protein, feed form × balanced protein) indicate significant differences (P < 0.05, least significant difference). Bold = P-values by ANOVA. and FCR were significantly influenced with all physical feed forms by BP levels. In general, the magnitude of the responses to increasing levels of BP in those birds receiving good pellets was very much in line with previous research (Temim et al., 2000; Eits et al., 2003; Wijtten et al., 2004a,b) . The effects on FCR were strong and of linear nature. Depending on the extra cost for additional BP in the diet, this can have a significant economic impact (Eits et al., 2005) .
Comparing the good and poor pellet treatments (Experiment 1), it appears that with bad pellet quality higher BP levels are needed to achieve the same weight gain (Figure 1 ). But data did not indicate whether the same maximum performance could have been achieved with poor quality pellets. With coarse mash, however, maximum weight gain was obviously achieved with the lowest level of BP (Experiment 1) or at 100% BP (Experiment 2; Table 5, Figure 1) . Greenwood et al. (2004) produced 2 series of feeds with graded levels of fines (1 at 0.88% and 1 at 1.03% digestible Lys) for 14-to 30-d-old male broilers. Whereas at 0.88% digestible Lys weight gain linearly decreased with increasing levels of fines, performance was almost unchanged at 1.03% digestible Lys. This observation suggests that extra amounts of amino acids are needed to maintain performance when pellet quality impairs confirming the effects of the different pellet qualities in the present trial. Data by Wijtten et al. (2003) also suggested that a higher nutrient density is needed when feed is offered as mash because they found only differences in body weight gain between either mash or pellet treatments when low nutrient density diets were fed. Obviously, lower nutrient density could not be compensated for by higher feed intake in mash-fed birds in contrast to pellet-fed birds. This finding is in line with the comparison of poor and good pellet quality of the current experiments, but responses of the broilers to mash diets suggest that lower BP levels were needed; asymptote for weight gain seemed to be much lower compared with birds fed pellets. Data by Greenwood et al. (2005) also indicated that the asymptote for weight gain was lower for mash-fed birds than for pellet-fed birds, and regression analysis revealed lower optimum digestible Lys level for mash diets. According to Wijtten et al. (2004b) there is a possibility that the effects of increasing balanced protein are not only due to the protein but also due to changes in the effective or net energy.
Feed conversion data of Experiment 1 indicated no differences or even a slight advantage for the poor pellet treatments compared with the good pellet treatments with increasing BP (Table 5) . Feed intake and feed conversion are a function of body weight. So, when standardized to a common final weight gain (which is sometimes done in practical broiler production; ±0.04 FCR-points per ±100-g difference in weight gain), a slightly higher BP level would be needed with pellets of bad quality to achieve the same FCR.
Results on carcass quality were not consistent particularly in Experiment 1 (Table 6 ). Accordingly, starting on a relatively high-level breast meat yield decreased with increasing BP when provided as poor quality pellets. Mash feeds produced the opposite response; with good pellets, performance was in between. In Experiment 2 breast meat yield improved with increasing BP up to 110% regardless of feed form (Table 8 ). Breast meat yield Table 8 . Effect of increasing levels of balanced protein offered to 14-to 35-d-old male broilers as coarse mash with or without variation in particle size distribution and as good quality pellets on carcass quality (Experiment 2) Different superscripts per column and block (feed form, balanced protein, feed form × balanced protein) indicate significant differences (P < 0.05, least significant difference). Bold = P-values by ANOVA.
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Feed form: M Var = coarse mash with varying particle size distribution with increasing balanced protein; M Con = coarse mash with constant particle size distribution; GP = good quality pellets. data given by Wijtten et al. (2004b) had a similar magnitude but did not achieve a maximum like in Experiment 2. It was rather unexpected that less BP was required to achieve the asymptote for breast meat yield than that for weight gain although this was in line with findings by Eits et al. (2003) . A number of dose-response experiments with single amino acids (compiled by Pack et al., 2003) but also with balanced protein (Temim et al., 2000; Wijtten et al., 2004b) indicated breast meat yield to be much more sensitive to dietary amino acid supply than overall weight gain.
The breast meat yield responses in the current trials might have been influenced by the feeding in the starter phase. Wijtten et al. (2004a) reported highest breast meat yield when high BP levels were fed in 3 subsequent phases. In case of relatively low BP levels in the starter or grower diets, or both, reduced breast meat yield could not be completely compensated for by increased BP levels in the grower or finisher phase, or both. Eits et al. (2003) demonstrated the contrary, but the results were based only on 3 replicates and 10 birds per replicate.
Almost linearly decreased abdominal fat contents indicated improvements in energy use with increasing BP levels in Experiment 1 and Experiment 2 (Tables 6 and  8 ). This observation fits to the linear decrease in FCR seen in both trials for all feed forms (Figure 1 ). Less feed was better utilized, and thus, less surplus energy was available for fat deposition. All studies feeding increasing BP levels observed decreased fat accretion (Temim et al. 2000; Eits et al., 2003; Wijtten et al., 2004a,b; ) .
Generally, data of both experiments (especially feed conversion data) suggested that regardless of physical feed form, increasing BP levels up to 120% of current Dutch recommendations had beneficial effects on broiler performance. Comparison of pellet qualities indicated that with pellets of poor quality, higher dietary levels of BP were required to achieve the same performance (weight gain, FCR) than with good pellets. Feeding coarse mash diets resulted in a lower maximum weight gain. Finally, economic calculations should reveal whether a poor pellet quality could be compensated for by a higher dietary amino acid load and whether pelleting the feed is worthwhile to apply for all practical situations.
